Once Sentence Summary: Triose phosphate isomerase is inhibited in plants lacking hydroxypyruvate 23 reductase 1 and this is overcome by exporting triose phosphate to the cytosol and importing Glc-6P,
INTRODUCTION

59
Photorespiration occurs when ribulose bisphosphate (RuBP) is oxygenated instead of carboxylated by
60
Rubisco (Bowes et al., 1971) . Oxygenation is an unavoidable consequence of the reaction mechanism of 61 Rubisco, and once oxygenation occurs the remainder of photorespiratory metabolism reduces the cost of 62 oxygenation (Andrews and Lorimer, 1978) . Photorespiration reduces photosynthesis by three 63 mechanisms: (1) reduction of Rubisco efficiency (increase in apparent Km for CO2); (2) diversion of ATP
64
and NADPH from carboxylation products to the photorespiratory pathway; and (3) release of CO2 in the 65 photorespiratory pathway. These three effects significantly reduce the photosynthetic rate in C3 plants 66 (Sharkey, 1988) and likely provided evolutionary pressure that resulted in C4 metabolism (Sage et al., 
70
Although photorespiration will decline as atmospheric CO2 increases, it will remain a significant issue for
71
C3 photosynthesis for a long time (Walker et al., 2016b) . Using a spreadsheet available here (Sharkey, 
72
2016) it can be calculated that the ratio of oxygenation to carboxylation at 25ºC for a plant with Rubisco 73 with kinetics found in Arabidopsis thaliana would be 0.53 at preindustrial CO2 of 290 ppm, 0.39 at 74 today's level of ~400 ppm, and 0.26 when the CO2 concentration is 600 ppm (assuming that CO2 at
75
Rubisco is 50% of that in air because of diffusion resistances at the stomata and in the mesophyll).
76
Engineering alternative photorespiration pathways to ameliorate the negative effects of photorespiration 
80
Photorespiratory metabolism converts two molecules of the first product of oxygenation, 2-81 phosphglycolate (2-PG), to one molecule of 3-phosphoglycerate (PGA) and one molecule of CO2.
82
Ordinarily, photorespiration proceeds at the rate needed to metabolize all of the 2-PG produced by 83 oxygenation. Douce and Heldt (2000) conclude that "the only control step in the photorespiratory cycle is 84 the level of competition between O2 and CO2 for binding to Rubisco." A number of the enzymes and 85 transporters needed for photorespiration were discovered because plants lacking genes for these proteins 86 can grow in a high CO2 atmosphere but not in air (Somerville and Ogren, 1979; Somerville, 1984) .
88
It is assumed that the intermediates of photorespiration reduce the capacity of the Calvin-Benson cycle 89 (Betti et al., 2016) . Anderson (1971) showed that a very low concentration of 2-PG significantly inhibited 90 triose phosphate isomerase (TPI), an enzyme that converts glyceraldehyde 3-phosphate (GAP) to 91 dihydroxyacetone phosphate (DHAP). Somerville and Ogren (1979) 
120
In a recent survey of mutants of peroxisomal proteins using the Dynamic Environment Phenotype Imager 
126
In this study, we investigated potential mechanisms by which a block in photorespiration could stimulate 127 CEF. HPR1 was chosen as the focus of the study because hpr1 plants grow reasonably well but still show 128 a strong stimulation of CEF. Also, HPR1 was identified as playing a role in drought tolerance (Li and Hu, 129 2015).We measured amounts of accumulated 2-PG. We then looked at how 2-PG might affect the Calvin-
130
Benson cycle and how those effects might lead to CEF. We postulate that the block of stromal TPI can be 131 bypassed by export of GAP followed by reimport of carbon into the chloroplast. However, this cytosolic 132 bypass of the gluconeogenic reactions of the Calvin-Benson cycle leads to a stimulation of a Glc-6-P 133 shunt (Sharkey and Weise, 2016 ) that consumes ATP, leading to CEF.
135 136
RESULTS
138
Growth, Chlorophyll, Carotenoid Contents and Rubisco Activity of hpr1 Plants
140
Both hpr1-1 and hpr1-2 plants showed a stunted phenotype when grown in air in these experiemnts ( Fig.   141 1 A). In addition to being smaller, the mutants had significantly less chlorophyll (Fig. 1 B) and carotenoid
142
( Fig. 1 C) than the wild type (WT) Col-0. On the other hand, the total extractable activity of Rubisco was 143 the same in all three lines (Fig. 2 A) . The amount of Rubisco activase protein was less in the two mutant 144 lines than WT (Fig. 2 B) 
150
The content of 2-PG was measured by LC/MS-MS. The results are expressed as peak area for 2-PG
151
relative to the peak area of the internal standard, ( 13 C6 fructose 1,6-bisphosphate). The 2-PG content was
152
significantly increased in the hpr1-1 plants (Fig. 3) . In hpr1-2 plants the level appeared higher (Fig. 3 ) but
153
the difference did not reach statistical significance.
155
Effect of 2-PG on TPI Activity
157
The effect of 2-PG on TPI was tested. 2-PG was a strong inhibitor of TPI and was competitive with GAP 158 (Fig. 4) 
187
(2017) showed that this led to reduced fructose 1,6-bisphosphate and also sedoheptulose 1,7-188 bisphosphate, two metabolites that require DHAP for synthesis. Although 2-PG is near the beginning of 189 the pathway and HPR is near the end, loss of HPR activity caused a buildup of 2-PG. Plants lacking
190
HPR1 also accumulate glycolate (Timm et al., 2012) . In this study, we found that the ratio of DHAP to 
204
We also tested whether Rubisco activase could play a role in the inhibition of photosynthesis when 
215
Export of carbon for processing in the cytosol, as proposed here for TPI inhibition, has been proposed for 
224
However, the gradient for triose phosphate reimport is unfavorable. The phosphate concentration is much 225 higher in the cytosol than in the stroma (Sharkey and Vanderveer, 1989) , which aids in triose phosphate 226 export but would slow triose phosphate reimport. On the other hand, the gradient for Glc-6-P is highly capacity for Glc-6-P import. However, in the hpr1-1 mutant (bottom) 2-PG inhibits TPI. GAP can be 241 exported and DHAP is made in the cytosol because 2-PG is restricted to the chloroplast. However,
242
phosphate is in high concentration in the cytosol and much lower in the chloroplast (Sharkey and
243
Vanderveer, 1989) making it difficult for DHAP to be imported into the stroma at sufficiently high rates.
244
Moreover, the high concentrations of triose phosphates in the cytosol could lead to FBP synthesis and 245 dephosphorylation. Once FBP is converted to Fru-6-P by cytosolic FBPase, carbon could only reenter the 246 stroma as hexose phosphate. Induction of GPT2 would allow carbon to be reimported as Glc-6-P. Once
247
Glc-6-P is reimported into the chloroplast it can rejoin the Calvin-Benson cycle when it is converted to 248
Fru-6-P by PGI. This would result in a cytosolic bypass around the inhibited TPI.
250
However, stromal PGI is kinetically limited (Backhausen et al., 1997) . The Fru-6-P to Glc-6-P ratios are 251 
261
The Glc-6-P shunt results in a release of CO2. This release would appear similar to the release of CO2 
265
that the excess CO2 release seen in these studies results from the CO2 released during the Glc-6-P shunt.
267
The Glc-6-P shunt consumes 3 ATP but is balanced for NADPH and carbon. Stimulation of this shunt 
275
consistent with a cytosolic bypass leading to a Glc-6-P shunt (Fig. 7) . There remain unanswered 276 questions, especially how the use of ATP in the Glc-6-P shunt results in a signal to increase CEF and the 277 role of H2O2 in CEF (Strand et al., 2015) and other metabolism.
279
Finally, hydoxypyruvate reductase is only required if a significant amount of carbon that originates as 2- 
302
Measurement of Chlorophyll and Carotenoid
304
For chlorophyll measurement, two leaf discs were harvested from 4-week old rosettes, and chlorophyll
305
was extracted in 2 mL of 96% ethanol using a protocol modified from Lichtenthaler and Wellburn (1983).
306
The homogenate was maintained under dark conditions to prevent chlorophyll degradation. Absorbance 
312
Measurement of Rubisco Activity and Protein Levels of Rubisco Activase
314
Leaves from 4-week old rosettes were harvested quickly into liquid N2, and stored in a -80 o C freezer.
315
Rubisco activity was measured using a protocol modified from Sharkey et al. 
332
To determine Rubisco activase protein content, total protein was extracted using a PlantTotal Protein 
338
Rubisco activase in each protein sample was detected using antibodies raised against rubisco activase
339
(rabbit, AS10700; Agrisera, Sweden). Data analysis was carried out using Compass Software
340
(ProteinSimple, San Jose CA).
342
Measurement of 2-Phosphoglycolate
344
Eight 
364 365
Measurement of GAP, DHAP and TPI
367
About 500 mg fr wt of leaves were immediately freeze-clamped using aluminum blocks cooled on dry ice 
375
Samples were frozen and thawed to precipitate salts, and centrifuged at maximum speed for 2 min. The 376 supernatant was pipetted off for immediate GAP and DHAP assays, or frozen at -80 °C for future assays.
378
The amount of GAP and DHAP was measured using a dual wavelength filter photometer (Sigma ZFP22).
379
Supernatant (50 µL) was added to 800 µL reaction buffer (100 mM Hepes buffer pH 7.6, 1 mM DTT, 1 380 mM KH2AsO4, 50 mM NAD and 50 mM ADP) in a cuvette, which was inserted into the cuvette holder in 381 the spectrophotometer. Glyceraldehyde 3-phosphate dehydrogenase (5 U) (Sigma G-5537) was added to 382 the cuvette and immediately mixed using a clean plastic stick. The difference of absorbance between the 383 baseline and the maximum level was measured to estimate the level of GAP. Next, 5 U of triose 384 phosphate isomerase (Sigma T-6285) was added to convert DHAP to GAP. We used A334 -A405 and an 385 extinction coefficient of 6190 M -1 cm -1 .
387
Triose phosphate isomerase activity was measured by linking the production of DHAP from GAP to 388 oxidation of NADH to NAD through glycerophosphate dehydrogenase as described in Anderson (1971) .
389
TPI from crude protein extracts of Arabidopsis leaves harvested from four-week-old rosettes was assayed 
404
Statistics and Box Plots
406
Differences between WT and treatments were tested by one way ANOVA followed by Tukey's test in hypothesize that 2-PG inhibits TIM forcing export of GAP. Once acted on by cytosolic TIM some DHAP will be reimported but the gradient in phosphate is not favorable for this flux.
The triose phosphates in the cytosol will be converted eventually to Glc-6-P. Some unknown signal results in the expression of GPT2 allowing reimport of carbon as Glc-6-P. This allows some Calvin-Benson cycle activity but also stimulates the Glc-6-P shunt (shown in orange).
The stimulated Glc-6-P shunt is balanced in terms of carbon and NADPH but reduces ATP availability. Another unknown signal results in cyclic electron flow. PGA = phosphoglyceric acid, GAP = glyceraldehyde 3-phosphate, DHAP, dihydroxyacetone phosphate, FBP = fructose 1,6-bisphosphate, F6P = fructose 6-phosphate, E4P = erythrose 4-phosphate, S7P = sedoheptulose 7-phosphate, R5P = ribose 5-phosphate, XuBP = xylulose 5-phosphate, Ru5P = ribulose 5-phosphate, RuBP = ribulose 1,5-bisphosphate, SBP = sedoheptulose 1,7-bisphosphate, 6PG = 6-phosphoglucanate.
